In this study, we investigated the genetic determinants of lesion characteristics and the severity of coronary artery disease (CAD) using a genome-wide association study (GWAS) and replication genotyping. Methods: The discovery set for GWAS consisted of 667 patients exhibiting angiographically diagnosed CAD with symptoms. For replication genotyping, 837 age-and sex-matched CAD patients were selected. Genetic determinants of lesion characteristics (diffuse vs. non-diffuse lesions), the number of diseased vessels (multi-vessel vs. single vessel disease) and the modified Duke score (high vs. low), which indicates the severity of CAD, were analyzed after adjusting for confounding factors. Results: Single nucleotide polymorphisms (SNPs) rs12917449, rs10152898 and rs231150 were associated with diffuse lesions, while rs1225006 and rs6745588 were associated with multi-vessel disease. However, on replication genotyping, no significant associations were found between any of these five SNPs and the lesion characteristics or CAD severity. In contrast, in the combined population of both the discovery and replication sets, genotypes rs125006 of CPNE4 and rs231150 of TRPS1 were found to be significantly associated with the modified Duke score. The addition of rs1225006 to conventional risk factors had significant incremental value in the model of the score. Conclusions: The associations between five SNPs identified using GWAS and angiographic characteristics were not significant in the current replication study. However, two variants, particularly rs1225006, were found to be associated with the severity of CAD in the combined set. These results indicate the potential clinical implication of these variants with respect to the risk of CAD.
Introduction
It is well known that the etiology of atherosclerotic cardiovascular disease is multi-factorial 1) . In past decades, numerous efforts have been made to understand the pathophysiology of coronary artery disease (CAD) beyond clinical risk factors. The heritability of CAD is known to vary widely, with most estimates ranging between 30% and 50% 2, 3) . Recently, genomewide association studies (GWAS) and combined analyses have identified several genetic loci associated with the risk of CAD, characterizing the possible biological functions of these genes 4) . Such studies have proposed some candidate genes as determinants of CAD, and further investigations of variants are under way.
The treatment of patients with complex coronary lesions, such as diffuse lesions, remains a major concern for cardiologists 5) . Because various clinical and diologists. Blood samples were collected from all study subjects during enrollment.
GWAS and Replication Genotyping
On GWAS, the samples were genotyped using the Affymetrix Genome-Wide Human SNP array 6.0. The BirdSeed genotyping algorithm was used for the genotype analysis. Genotyping was performed as previously described 8) . Briefly, the samples were analyzed on a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) for purity, yield and concentration and separated on 1% agarose gels for integrity. Purity was determined according to the A260/A280 and A260/A230 ratios. Following GWAS, variants with a p-value in the additive model of 1.0 10 5 were selected for replication. Genomic DNA was extracted from 5-mL peripheral blood samples using a commercially available kit (QuickGene SNP Kit DNA whole blood; Fujifilm, Tokyo, Japan). Genotyping was performed with 5' exonuclease (Taqman) chemistry on the ABI Prism 7000 device (Applied Biosystems, Foster City, CA, USA).
Statistical Analysis
Baseline demographic and laboratory data are presented as the mean standard deviation for continuous variables and frequencies for discrete variables. An additive model was employed to examine the associations between SNPs and the lesion characteristics and severity of CAD, with a logistic regression analysis adjusted for age, sex, hypertension, hyperlipidemia, diabetes mellitus and chronic kidney disease. Common SNPs (N 542,675) that met the quality control criteria were analyzed (Plink v1.07) 9) . Associations of common variants reaching P ≤ 5 10 8 are considered to be significant on GWAS testing 10) . Combined statistics were calculated from meta-analysis assuming a fixed-effects model using the R program (version 3.0.2). Regional plots were drawn with the LocusZoom standalone software package, version 1.1, based on HapMap phase JPT CHB for five SNPs (Fig. 1) . In order to increase the power, the discovery and replication sets were combined to determine the associations between the SNPs and the modified Duke score. The score was categorized as low (≤ 42) or high ( 42) when evaluating the associations among the variants. A multivariate logistic regression analysis was used for the association analyses following adjustment for the confounding variables listed above. The statistical power of the odds ratio (OR) was calculated using the Quanto program, version 1.2.4. We calculated the integrated discrimination improvement (IDI) in order to measure the incremental value of adding SNPs to angiographic characteristics are considered during the process of clinical decision making in CAD management, enhancing knowledge of variants related to specific vascular phenotypes would be beneficial. However, studies exploring the genetic variants associated with detailed phenotypes of atherosclerosis and/or CAD are extremely limited. Therefore, we investigated the genetic determinants of lesion characteristics and the severity of CAD using GWAS and replication genotyping.
Methods

Study Population
We used a two-stage approach: the identification of variants associated with lesion characteristics or the severity of CAD using GWAS, followed by replication genotyping of the identified candidate variants. The sample size calculation is described in Supplementary  Table 1 . The discovery set consisted of 667 CAD patients enrolled in the Genomics Research in Cardiovascular Disease (GenRIC) consortium, which was established for the genomic study of CAD in Korea. Men 55 years of age and women 65 years of age were included. The patients underwent coronary angiography for chest discomfort or pain. The diagnosis of CAD was made based on the detection of angiographic findings showing significant stenosis (≥ 50%) in at least one epicardial coronary artery. In the replication study, 837 age-and sex-matched CAD patients were selected from the patient database of the Cardiovascular Genome Center at Yonsei University Health System, Seoul, Korea. The inclusion criteria were the same for both sets. This study was approved by the local institutional review board, and all subjects or their representatives provided their written informed consent.
Clinical and Angiographic Data Collection
Trained nurses obtained the clinical data, including demographic variables and medical history. The characteristics and severity of CAD were assessed according to lesion characteristics, number of diseased vessels and modified Duke score. The lesion characteristics were classified as diffuse if the coronary arteries contained at least one lesion measuring ≥ 20 mm 6) and non-diffuse if the arteries contained no such lesion. The modified Duke score is the sum of the parameters associated with coronary lesions, including the number of diseased vessels, degree of stenosis and involvement of the proximal left anterior descending or left main coronary arteries 7) . All angiographic findings were confirmed by at least two interventional car-negative association with multi-vessel disease (OR: 0.41, p 7.55 10 6 ), whereas a variant of rs6745588 of STK39 at chromosome 2 demonstrated a positive association (OR: 2.02, p 5.84 10 5 ). However, none of these associations reached the GWAS significance level (Table 2) . Interestingly, a variant of rs1225006 clustered with several other SNPs with high p-values (Fig. 1) . In the replication genotyping analysis, none of the five SNPs mentioned above displayed a significant association with the presence of diffuse lesions or multi-vessel disease.
Combined Analysis
In the combined population of the discovery and replication sets, none of the five SNPs were significantly associated with lesion characteristics or number of diseased vessels ( Table 2) . However, a univariate logistic regression analyzing the associations between the SNPs and the modified Duke score identified the frequencies of genotypes of rs231150, rs1225006 and rs6745588 in the low-score group as being different from those in the high-score group. When the AA genotype was set as a reference, the AT and TT genotypes of rs231150 showed a negative association with the modified Duke score. Compared to the AA genotype, the AG and GG genotypes of rs125006 displayed a negative correlation with the score. Conversely, the subjects with AG or GG genotypes of rs6745588 exhibited a positive association with the score (Table 3 ). In the multivariate logistic regression the conventional prediction model of CAD severity. The R-package PredictABEL software program (version 3.0.1) was used to calculate the IDI.
Results
Clinical Characteristics of the Study Population
The mean age of the discovery set was 49.9 years, and men comprised 60% of the set. Sixty-four percent of the subjects had acute coronary syndrome, 48% had diffuse lesions and 34% had multi-vessel disease. Current smokers were more common in the discovery set, whereas the prevalence of hypertension, diabetes mellitus, hyperlipidemia and multi-vessel disease and the modified Duke scores were higher in the replication set. (Table 1) 
Associations between the SNPs and the Lesion Characteristics and Severity of CAD
The minor allele of rs12917449 of PML at chromosome 15 exhibited a positive association with the presence of diffuse lesions (OR: 2.45, p 4. 17 10 6 ). The direction and strength of the association between the minor allele of rs10152898 and the presence of diffuse characteristics were similar to those for rs12917449, while another variant, rs231150 of TRPS1 at chromosome 8, showed a negative association with the findings of diffuse lesions (OR: 0.53, p 1. 44 10 5 ). In addition, a variant genotype of rs1225006 of CPNE4 at chromosome 3 exhibited a between the rs6745588 genotype and the score was no longer significant.
The degree of improvement in sensitivity obtained by adding the variants was examined in a model of the modified Duke score. Notably, only rs1225006 displayed significant incremental value compared to the conventional model (Supplementary  Table 2 ).
analysis, the genotype distributions of rs1225006 and rs231150 were found to be significantly associated with the modified Duke score. Meanwhile, the AG and GG genotypes of rs1225006 showed a negative association with the score (OR: 0.79, p 0.03), while the AT and TT genotypes of rs231150 exhibited similar results (OR: 0.85, p 0.048). Following adjustment for confounding variables, the relationship The values are presented as the mean SD or number (%). CAD: coronary artery disease; Missing covariates were excluded. Chronic kidney disease was defined as a decline in GFR to 60 mL/min/1.73 m coronary and carotid atherosclerosis was recently reported in a patient with a mutation in ABCA1, which is involved in cellular cholesterol efflux 14) . Subsequently, it was reported that a polymorphism of hOGG1, which encodes a key component in nuclear and mitochondrial DNA repair, determines the susceptibility to multi-vessel CAD 15) . The number of known loci relevant to CAD severity, however, remains low. Apart from the previously highlighted loci, two additional variants have been identified, although functional studies are required to determine their clinical relevance.
Our efforts to identify novel variants associated with lesion characteristics did not result in findings with genome-wide significance. The morphological characteristics of CAD are influenced by clinical factors, including age 16) , diabetes mellitus and impaired glucose tolerance 17) . Impaired glucose metabolism is reported to affect the onset of CAD via the effects of endothelial dysfunction, a hyperplastic vasculature and prothrombotic state 18, 19) . Negative remodeling and the presence of fibrous and calcified plaque also contribute to the development of diffuse lesions 20) . However, to our knowledge, studies of the genetic determinants of these lesion characteristics are significantly limited, and no well-characterized genetic links have been established. In most previous studies, the lesion characteristics were assessed using quantitative
Discussion
The present study investigated the genetic determinants of lesion characteristics and severity of CAD using GWAS and replication genotyping. Consequently, the associations between five candidate SNPs identified on GWAS and the CAD-related variables were not significant in the replication set. However, the analysis of the combined population of the discovery and replication sets showed that the genotypes rs1225006 of CPNE4 and rs231150 of TRPS1 were associated with the modified Duke score. Furthermore, the addition of rs1225006 to conventional risk factors exhibited significant incremental value in the model of the score. These results suggest that these two variants, particularly rs1225006, are associated with the risk of atherosclerosis and CAD.
Several studies have been conducted to identify genetic determinants of the angiographic and/or clinical severity of CAD. Recently, two studies demonstrated that the 9p21 locus is associated with the angiographic severity of CAD 11, 12) . In a subsequent metaanalysis, the association between 9p21 and multi-vessel disease was noted 13) . In the current study, we examined the associations between 9p21 (rs1333049) and lesion characteristics and the number of diseased vessels. However, we found no significant associations between these factors. Additionally, a case of diffuse The score was defined as low (≤ 42) or high ( 42). OR: odds ratio; CI: confidence interval. Missing genotypes for each SNP were excluded in the analysis. The multivariate analysis was adjusted for age, sex, hypertension, diabetes mellitus, hyperlipidemia, chronic kidney disease and body mass index the GWAS scale and replication genotyping, this study identified two novel variants associated with the modified Duke score. These data extend our understanding of the effects of genomics on CAD.
In conclusion, the associations between five candidate SNPs identified on GWAS and the lesion characteristics and severity of CAD were not significant in this study. However, the analysis of the combined population of the discovery and replication sets revealed that the genotypes rs1225006 of CPNE4 and rs231150 of TRPS1 were associated with the severity of CAD based on the modified Duke score. Furthermore, the addition of rs1225006 to conventional risk factors exhibited incremental value in the model of the severity score. These findings increase our understanding of the genetic influences on atherosclerosis and suggest that additional research is required to determine the genetic risks associated with CAD.
Sources of Funding
coronary angiography. Conducting lesion phenotyping with more precise imaging modalities, such as intravascular ultrasound, can be difficult to undertake in large populations, which are usually required for modern genomic studies. This may explain why few well-established genetic variants associated with lesion characteristics have been identified. SNP rs1225006 is one of the two variants found to be associated with CAD severity in the present study. This SNP is located in an intron of CPNE4 (copine ), which belongs to the highly conserved copine family, and encodes a Ca 2 -dependent phospholipid-binding protein that may play a role in membrane trafficking, mitogenesis and development 21, 22) . However, data regarding the functional implications of CPNE4 variants are limited. One animal study showed that CPNE4 is one of the genes downregulated most significantly following mild ischemic exposure in cortical neurons and may participate in cell death or survival. In addition, CPNE4 is upregulated in the myocardium of children with chronic hypoxia. Whether the link between CPNE4 variants and CAD severity is dependent on the aforementioned cellular adaptation pathway remains to be determined.
The second variant identified in this study, rs231150, is located in TRPS1, which encodes a transcription factor bound to a dynein light chain protein.
The binding of the encoded protein affects subsequent binding to GATA consensus sequences, thereby suppressing its transcriptional activity 23, 24) . Although the pathophysiological and/or clinical relevance of this gene in the setting of cardiovascular disease is unclear, a few studies have suggested that such variants are associated with the total cholesterol or high-density lipoprotein levels 25, 26) . Furthermore, TRPS1 has been shown to be involved in smooth muscle cell differentiation via transcriptional regulation 27) . Interestingly, in a transcriptome profiling study, TRPS1 was found to be highly expressed in the macrophages of large atherosclerotic lesions in apoE-deficient mice 28) . The current study assessed lesion characteristics and the severity of CAD using a comprehensive review of the findings of coronary angiography, which has not always been possible in prior large studies. The relatively small size of our study population is an acknowledged limitation of this study. Furthermore, the modified Duke score can be influenced by multiple risk factors and may not be the optimal parameter for evaluating the significance of specific SNPs. However, we evaluated the associations between the SNPs and the score after adjusting for major risk factors in an attempt to minimize this limitation. Although no significant genetic variants were validated according to
Genotyping Cluster Plots
Genotype calls for the Affymetrix array were determined using two separate case and control batches according to the Birdseed algorithm. In order to create a cluster plot for a given SNP, total signal information was processed to generate an integrated summary file. The summary file was then translated into cluster plot format using an algorithm similar to SST 1.0 (SNP signal tool, Affymetrix). The cluster plots were inspected manually for five SNPs considered for the replication studies.
Replication Genotyping
Variants with a p-value of 1.0 10 5 in the additive model in the GWAS analysis were selected for replication. Peripheral whole blood samples were used to obtain genomic DNA. All samples were monitored according to the same quality control method. We obtained a high call rate of 99%.
Supplementary Methods for GWAS and Replication Genotyping
Preparation and Quality Control
For preparation and quality control of the DNA, stringent criteria were used to assure the quality of the data. Peripheral whole blood samples for genomic DNA were collected at the time of enrollment and visually inspected for an adequate fluid volume in individual tubes.
Genetic variants were excluded from the GWAS analysis if they met the following quality control criteria: (1) a genotype call rate of 95%; (2) a minor allele frequency of 1%; (3) deviation from the Hardy-Weinberg equilibrium with a p-value of 10 6 ; (4) a poor cluster plot (5) multiple positioning and the presence of mitochondrial SNPs. Therefore, in total, 542,675 SNPs from the Affymetrix array were used in the association study. The assumptions are as follows: an additive inheritance model with an effect allele frequency of 20%, alpha threshold of 5 10 8 and CAD prevalence of 2%.
Supplementary
